Systemic Lupus Erythematosus (SLE) disproportionately affects minorities, such as Hispanic Americans (HA). Prevalence of SLE is 3-5 times higher in HA than in European-derived populations and have more active disease at the time of diagnosis, with more serious organ system involvement. HA is an admixed population, it is possible that there is an effect of admixture on the relative risk of the disease. This admixture can create substantial increase of linkage disequilibrium (LD) in both magnitude and range, which can provide a unique opportunity for admixture mapping. The main objectives of this study are to (a) estimate hidden population structure in HA individuals; (b) estimate individual ancestry proportions and its impact on SLE risk; (c) assess impact of admixture on ITGAM association, a recently identified SLE susceptibility gene; and (d) estimate power of admixture mapping in HA. Our dataset contained 1125 individuals, of whom 884 (657 SLE cases and 227 controls) were self-classified as HA. Using 107 unlinked ancestry informative markers (AIMs), we estimated hidden population structure and individual ancestry in HA. Out of 5671 possible pairwise LD, 54% were statistically significant, indicating recent population admixture. The bestfitted model for HA was a four-population model with average ancestry of European (48%), American-Indian (AI) (40%), African (8%) and a fourth population (4%) with unknown ancestry. We also identified significant higher risk associated with AI ancestry (odds ratio (OR) ¼ 4.84, P ¼ 0.0001, 95% CI (confidence interval) ¼ 2.14-10.95) on overall SLE. We showed that ITGAM is associated as a risk factor for SLE (OR ¼ 2.06, P ¼ 8.74 Â 10 À5 , 95% CI ¼ 1.44-2.97). This association is not affected by population substructure or admixture. We have shown that HA have great potential and are an appropriate population for admixture mapping. As expected, the case-only design is more powerful than case-control design, for any given admixture proportion or ancestry risk ratio.
Introduction
Systemic Lupus Erythematosus (SLE) is a multifaceted autoimmune disease with varying morbidity and mortality. Incidence of SLE reportedly varies between different ethnic groups, especially in minority populations. In fact, Hispanic Americans (HA) show 3-5 times higher prevalence of disease than European-derived populations. 1, 2 In addition, SLE tends to affect non-white populations more severely than whites, in terms of disease activity and clinical manifestations, with more frequent and more severe organ system involvement, which leads toward a lower probability of survival. [3] [4] [5] [6] These disparities may arise from the interaction between genetic and non-genetic (environmental, socioeconomicdemographic, cultural and behavioral) factors.
Hispanic Americans are an admixed population formed by recent admixture, which may influence the relative risk of many complex diseases. Some complex diseases, for example, type-II diabetes and obesity are thought to show increased prevalence in HA population. It is possible that a recent genetic admixture has a role in increased disease prevalence for SLE. Therefore, understanding the ancestral components of study subjects is very important in any genetic study.
The HA can be extremely useful in admixture mapping, a recently developed method for mapping genes for complex traits. The idea of admixture mapping is simple, 7, 8 near disease causing genes, most of the affected individuals will be enriched with the ancestry that has higher risk of having disease. Therefore, by comparing the proportion of ancestral chromosomes in a specific location to the average ancestry across the genome in affected individuals, it is possible to detect a region that may contain disease causal variants. Admixture mapping is based on the inherent difference in allele frequencies because of sections of the genome segregating together due to linkage disequilibrium (LD), 9 and has the advantage of requiring a smaller number of markers and samples. The advantage of working with recently admixed populations is that the association requires lower number of samples than 'pure' populations. This procedure strongly depends on the allele differences between ancestral populations, and thus works better for samples, in which disease risk can be associated to a particular ancestral population.
The main objectives of this study are to (a) estimate the hidden population structure of HA individuals; (b) estimate the individual ancestry proportions and its impact on SLE risk; (c) assess the impact of admixture on ITGAM, a recently identified SLE susceptibility gene; (d) estimate the power of admixture mapping in HA.
Results
Demographics and characteristics of AIMs Our HA sample included 657 independent SLE cases and 227 controls, in which 102 were males and 782 were females. Samples were mainly of Mexican American descent (85% of cases and 56% controls), the remaining samples self-identified as having ascent from Puerto Rico and various other countries of Latin America (Table 1) . There were no significant differences in allele frequency between the countries of origin for cases and controls in our samples. We selected CEPH (Centre d'Etude du Polymorphisme Humain) families with ancestry from northern and western Europe (CEU) and Yoruba in Ibadan, Nigeria (YRI), from the Hapmap v3 dataset, 10 and Pima and Maya populations (referred as AI for American Indian) from the Human Genome Diversity Panel high-resolution genome-wide single nucleotide polymorphism (SNP) dataset 11 as potential ancestral populations. We checked F st , G st values 12, 13 and allele frequency differences for these three populations, and selected 107 autosomal markers as ancestral informative markers (AIMs). The mean±s.e. of F st and G st are 0.28 ± 0.01 and 144.9 ± 7.58, respectively. The intermarker distance between two adjacent AIMs was at least 1 Mb. Markers with minor allele frequency o10% were not considered for AIMs detection Estimation of the hidden population structure As HA are an admixed population, we expected to see population substructure in our samples. We carried out Hardy-Weinberg equilibrium test at all the AIMs, and 23 out of 107 (21.5%) AIMs among cases and 17 out of 107 (15.9%) AIMs among the controls showed significant deviation (Po0.05) from Hardy-Weinberg equilibrium test, especially, toward excess homozygosity. As population substructure leads to excess homozygosity, we should expect to see a trend toward the increase of homozygosity among the 'null' markers (AIMs).
We employed pairwise correlation (LD) between AIMs, and assessed for excess of association as a measure of recent admixture, as well as for the evidence of population substructure. Out of the 5671 possible pairwise LD (r 2 ) from 107 AIMs, 3066 (54%) were significant (Po0.05). When we include only those pairwise LD, in which the intermarker distance was 45 Mb (N 5 Mb ¼ 541), 176 (32%) LD pairs were significant, thus showing the evidence of recent population admixture. Even more surprising was that 57% (N sig ¼ 2890) of the unlinked pairwise LD comparisons from different chromosomes (N Unlinked ¼ 5025) were significantly correlated; only 5% (N Expected ¼ 251) pairwise LD between the unlinked markers in populations with non-recent population admixture was expected.
Estimation of the individual ancestry proportions and its impact on SLE risk We found that HA admixture was best described by fourpopulation model (Figure 1 ). The case-control ancestry proportions of HA using population priors for the first three groups was aligned with the CEU (49%-51%), AI (41%-35%), and YRI (8%-8%) ( Table 2 ). An additional unknown 'cluster 4' was detected with 3 and 5% ancestry proportions for cases and controls, respectively ( Table 2) . It is noteworthy that ancestry estimates were consistent even without CEU, YRI and AI as population priors (CEU ¼ 49%, AI ¼ 41%, YRI ¼ 6% and cluster 4 ¼ 4%) compared with overall proportions using priors (CEU ¼ 49%, AI ¼ 39%, YRI ¼ 8% and cluster 4 ¼ 4%) Most of our samples were of Mexican descent, with a smaller proportion coming from Puerto Rico and other Latin American countries. Admixture in Hispanic Americans JE Molineros et al and were significantly correlated (Pearson's r499%). For individual ancestry proportions, there was a notable difference (41 vs 35%, P ¼ 0.0001) between cases and controls in the AI Cluster ( Figure 2 ). We also assessed whether individual ancestry is associated with overall disease phenotype by using logistic regression. We found that the AI ancestry was significantly associated with SLE risk (odds ratio (OR) AI ¼ 4.84; 95% CI (confidence interval) ¼ 2.14-10.95; P-value ¼ 0.00018); cluster 4, although a small effect, was also significantly related to SLE (OR Cluster4 ¼ 0.03; 95% CI ¼ 0.01-0.2; P-value ¼ 0.00028). Seldin et al.,
14 also earlier reported an increased OR of 7.94 for AI ancestry on SLE. However, CEU ancestry (OR CEU ¼ 0.44; 95% CI ¼ 0.2-1) and YRI ancestry (OR YRI ¼ 0.75; 95% CI 0.24-2.35) were not significantly associated with overall SLE risk.
Impact of admixture on ITGAM association
We selected ITGAM because of its known association to SLE. 15 The most likely causal SNP was identified as exon-3-coding SNP, rs1143679, that changes the amino acid arginine to histidine at position 77 (R77H). We found significant association between rs1143679 and SLE in HA (uncorrected P-value ¼ 8.74 Â 10 À5 , OR ¼ 2.06, 95% CI ¼ 1.44-2.97). We carried out three correction procedures on the association of rs1143679: structured association test, covariate-adjusted, and ancestrymatched corrections. The P-value for structured association test was estimated to be 1.56 Â 10 À4 . To assess the effect of population structure on association of the selected marker, we adjusted the association using the admixture proportion for each cluster (Table 3) . P-values stemming from covariate-adjusted association were significant for all ancestries. Next, we assessed whether there was a difference in allele frequencies across the distribution of ancestry proportion in cases and controls ( Figure 3 ). We divided ancestry proportions into five intervals for CEU and AI (0-15%; 15-30%; 30-45%; 45-60%; and 60% þ ), three intervals for YRI (0-15%; 15-30%; and 30% þ ), and two intervals for cluster 4 (o15%; 15% þ ). Intervals of different widths (10 and 25%) were also considered, but results were similar (data not shown). Allele frequency for rs1143679, as expected, was different between cases and controls at each interval of ancestry proportion. Allele frequency for cases in CEU increased with ancestry proportion. On the contrary, allele frequency in AI cases decreased with ancestry proportion. Case allele frequency for YRI and cluster 4 were largely consistent throughout.
We tested whether there was a difference in allele frequencies' distribution across the strata among all the ancestry proportions and found that no heterogeneity exists (CEU w Abbreviation: HA, Hispanic Americans. Cases and controls were treated independently to check for the differences of cluster membership between these two groups.
Membership is compared with and without population priors; Pearson correlations were carried out to align prior and no-prior clusters.
Figure 2 Individual population structure for 884 Hispanic Americans is best described by four populations, CEU (red), YRI (green), AI (purple), and cluster 4 (pink). A full colour version of this figure is available at the Genes and Immunity journal online. All three methods of association correction confirmed true association of rs1143679 in HA.
Power of admixture mapping in HA We compared the number of samples required to detect the association with a P-value of 10
À5
, with 80% statistical power in the case-only and case-control designs assuming complete extraction of individual ancestry. We found that populations with higher degree of admixture required fewer individuals than less admixed populations. This number also decreases with increasing risk ratios. As expected, similar to earlier studies, 16, 17 the number of samples required to achieve the same statistical power is lower in the case-only designs (Table 4) .
Discussion
Our analysis showed that HA are a highly admixed population. Substantial population structure was evident when estimating both Hardy-Weinberg equilibrium test within AIMs as well as LD between unlinked AIMs. Excess homozygosity in markers (21% of markers in cases and 16% of markers in controls) reinforces the conclusion that HA are an admixed population. There was a high proportion of LD in 29% of AIMs with intermarker distances 45 Mb within chromosomes, there was also 65% significant LD in markers across chromosomes, and 57% significant LD between AIMs in different chromosomes.
The HA admixture was best characterized by a four-population model, the largest being closely related to the CEU group and the AI group. The two other clusters identified had o10% ancestry that corresponded to the YRI cluster and an unidentified cluster (Figure 1 ). We believe this fourth cluster may be related to the different origins of African slaves in Latin America. Indeed, it is suggested that individuals of Spanishspeaking origin might have an Arabic or North-African component. 18, 19 On close comparison of the ancestry proportion for K ¼ 3 and K ¼ 4, the proportion of CEU and AI ancestry are still the largest components of HA, and are very similar in estimates to the K ¼ 4 estimates. It is possible that the fourth cluster is related to substructure on the African ancestry component given the dual origin of the African origin slaves, namely Yoruban and Bantu. 18, 19 It is also possible that there is an Asian population component that we have not taken into account. One unaddressed possibility Figure 3 Ancestry-matched association to rs1143679. Bins were created for intervals of 15% for all ancestries, YRI was limited at 30% þ and cluster 4 was limited at 15% þ . Allele frequencies are presented below each category. is that the AI population was itself admixed, which would affect the estimation of the admixture proportion of the HA. Hispanic Americans are among the most admixed population existing today; however, individual estimates of different ancestry vary substantially (Table 2 ). This feature makes it even more important to account for population structure as a confounding factor for disease association.
The sign of the covariate estimates for the logistic regression model for risk of SLE indicated that there was a significant risk of SLE associated to the AI cluster, whereas there is an opposite effect coming from the fourth cluster. CEU and YRI clusters have SLE risk ratio close to 1 in our HA population. However, until a largescale study to characterize admixture of AI populations is carried out, it remains difficult to determine whether the Pima and Maya are the best representative ancestral populations to estimate HA admixture.
We chose ITGAM to test the effect of admixture on disease association. We used three correction methods to address the effect of population stratification. The ITGAM SNP, rs1143679, is already known to be associated with SLE. 15 We showed that this association remained significant with SLE by all correction methods. For ancestry-matched correction, we noticed that the allele frequency of cases increased with CEU ancestry proportion, indicating that the risk locus for rs1143679 is associated with CEU ancestry. The same allele frequency decreased for AI ancestry. Thus, admixture corrections to association P-values could shed light on locus-specific disease origin of risk alleles to a given ancestry.
One very important characteristic to consider when dealing with admixed populations is the reduced number of samples required to find significant effects on affected only and case-control studies (Table 4) . For any statistical power/risk ratio combination, the number of samples required for a case-only or a case-control study is significantly different under different admixture proportions. This is because the case-only test compares the local ancestry proportion (which is moderately variable) with the genome-average ancestry, which is known more accurately. On the other hand, case-control test compares two local ancestry proportions (one in case and one from controls), both of which are variable. For example, with a twofold increased risk ratio, using a case-only design in a population with 50% admixture proportion, we would need 434 cases, whereas if admixture proportion were 10% then 1206 cases are needed (Table 4) . On the other hand, with a case-control (1:1 ratio) design, the number of required samples, for the same combination of admixture proportion and locus risk, increases fourfold (1737 for 50% admixture and 4824 for 10% admixture). These results are similar to other earlier studies. 16, 17 However, these sample sizes are substantially different from the results that Tian et al. 20 found by simulation. This difference could be because of the way the simulations were carried out. In their simulations, Tian et al. 20 assumed the actual information content extracted from his used AIMs, whereas the other studies, 16, 17 including this study, assumed that the AIMs were completely informative about extracting the ancestry information.
This study suffers from some shortcomings. The precise estimation of an individual ancestry is highly dependent on (i) choice and size of ancestral populations, (ii) number of AIMs and (iii) precise estimation of parental allele frequencies. If the size of the parental population is small, then the precise estimation of allele frequencies from parental populations is not accurate. Although CEU and YRI samples were not small, sample size of AI was small (N ¼ 24) for getting accurate estimates. In addition, we only used 107 autosomal AIMs, so we might have not estimated the precise individual ancestry for each individual.
However, we began this study to investigate the degree of admixture among self-reported HA individuals. Our objective was to gain a better understanding of the influence of ancestry on the genetics of SLE by estimating the population structure of HA populations with SLE as a group and as individuals. We have found that genetic ancestry proportions can vary significantly within HA group. Using a panel of AIMs, we characterized the admixture pattern, dynamics, extent of LD, and relationships between individual ancestry and SLE within our Hispanic sample. We assessed SLE association with ITGAM SNP, rs1143679, and evaluated the effect of population substructure on observed association. We also studied the feasibility of admixture mapping in HA and showed great power in case-only design.
Recent discoveries in gene identification in complex traits, for example, non-diabetic end-stage renal disease, 21 and prostate cancer 22 in African Americans, are provocative and can be a proof of principle for admixture mapping. This was possible because of the availability of panels of highly informative AIMs for African Americans. Panels of AIMs are now also available for conducting whole-genome admixture mapping in HA. 20, 23, 24 Therefore, HA AIMs are a valuable resource that have a great potential for SLE gene identification using whole-genome admixture mapping approach.
Materials and methods

Participants
We used four prior populations: CEU (N CEU ¼ 109) and YRI (N YRI ¼ 108) unrelated samples from Hapmap, 10 and Pima and Mayas from the Human Genome Diversity Panel high-resolution genome-wide SNP dataset (N AI ¼ 24). 11 Our study included 884 unrelated Hispanic individuals. There were 657 individual SLE cases, defined as fulfiling at least 4 of the 11 revised ACR (American College of Rheumatology) disease criteria, 25, 26 and 227 unaffected controls. Medical records were obtained for all SLE participants. All identifying information was stripped and approval was obtained from the respective Internal Review Boards and the collaborating institutions. Informed consent was obtained form all individuals. DNA extraction and quality control has been described elsewhere. 15 Genotyping Cases and controls were genotyped in Illumina (San Diego, CA, USA) custom designed high-density array (Illumina). Our study was a part of a large-scale genotyping project shared by multiple independent investigators as described elsewhere. 15, 27 Alleles with minor allele frequency o10% were eliminated as were markers with o90% call rate. All markers were set on the plus strand to be consistent about the alleles across among the ancestral populations and the study population. Markers allele frequency and missingness were calculated with PLINK. 28 
Selection of AIMs
For each AIM, we estimated the marker information by both F st 12 and G st 13 values. The F st is defined as the proportion of the total genetic variance in a subpopulation relative to the total genetic variance. 12 The G st 13 is defined as gene differentiation relative to the total population. These values were calculated in R and FSTAT. 29 We selected 107 AIMs, with mean F st ¼ 0.3 ± 0.1 (ranges from 0.04 to 0.59) and mean G st ¼ 145±78.4 (ranges from 19.3 to 387.9). The minimum intermarker distance between AIMs was at least 1 Mb. In Caucasian populations, the extent of LD is generally limited to regions smaller than 100 kb, 30, 31 which would be still shorter in Africans (and expected to be in AIs). Therefore, the correlations that arise between linked markers in HA are likely because of the result of recent admixture. 32 Population structure analysis We calculated allele frequencies and counts using PLINK; 28 with these values, we calculated HardyWeinberg equilibrium test and estimated excess of homozygosity. 33 We detected population structure using AIMs, 34, 35 described as the markers with the highest ability to discriminate between populations. Data sets were merged using PLINK. 28 We calculated and plotted LD of these 107 markers with R library GenABEL (Erasmus MC, Netherlands). 36 Population structure was analyzed with STRUC-TURE 35 which implements a model-based clustering method for inferring population substructure using AIMs. Assumed populations were K ¼ 2 to 6. The best fitting K was assessed using the criteria from Evanno.
37
Detection and correction of association Case-control allelic association was carried out in PLINK. We used each detected cluster as a covariate for structural corrections. We recorded ORs and P-values for all markers with and without covariate.
We tested each cluster as a logistic covariate for association to SLE to determine the relative risk of a particular ethnicity to SLE. Interactions between SNPs and each cluster were assessed with PLINK. 28 We tested the differences between minor allele frequency of rs1143679 for 5 intervals of ancestral proportion (0-15%; 15-30%; 30-45%; 45-60; and 60% þ ) in CEU and AI; we used only the three first intervals for YRI and two for cluster 4. Heterogeneity was tested using w 2 -test using REVMAN. 37 Corrections to association P-values were carried out by structure association in STRUCTURE, with covariates as case-control logistic regression in PLINK 28 and SAS, 38 and meta-analysis was carried out by using REVMAN. 39 
Power analysis
To estimate the relative efficiency of the admixture mapping in this Hispanic population, we conducted an analytical power analysis, for case-only and case-control design at a single locus under different admixture proportions varying from 10 to 50%. For the sample size estimation, we have used the expected information calculations presented in Table 1 in Hoggart et al. 16 We used the expected information from two gametes with admixture proportion, y, where the affected-only expected information is: 1 2 y(1Ày), and the case-control (with case-control ratio p/(1Àp)) expected information is: 1 2 yð1 À yÞ pð1 À pÞ Therefore, by definition, for a case-control ratio of 1:1, the expected information for case-control design is 0.25 times smaller than the case-only design. The required sample size under a specific type I error and a locusspecific ancestry risk l (we used l ¼ 1.25 to 2) the Hoggart's equation (4) (in Hoggart et al. 16 ) is:
where, n is the number of samples required to obtain Z 1Àb (0.84) of 80% power, with a significant level Z 1Àa (4.26) of 10 À5 and V 0 is the expected information from two gametes. It is important to note that in our power calculations, we did not use simulations to incorporate the effect of coverage of the AIMs as carried out by Tian et al. 20 In addition, we are estimating power at a single locus assuming a 'two-population' admixture model.
